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Abstract
Augered Cast-in-Place (ACIP) piles are a geotechnical foundation element increasingly
used to support large publicly funded structures as an alternative to drilled shafts or driven piles.
ACIP piles are constructed by drilling an excavation to the full length of the designed pile with a
continuous flight auger. Grout (cement, sand, and water mixture) is then pumped through the
hollow auger stem to begin grouting the excavation. After establishing an initial head pressure, the
auger is slowly extracted while the remainder of the pile is grouted. Once the auger is completely
removed, the steel reinforcement cage is lowered into the grouted excavation while the grout is
still fluid.
To ensure the constructed pile meets design specifications, various integrity methods are
used during and after construction. Careful monitoring of auger drilling/extraction parameters and
grout volume during construction is an essential part in establishing pile integrity. Thermal wires,
consisting of temperature transducers on one-foot intervals, are also installed along the length of
the reinforcement cage. When curing, the grout undergoes an exothermic reaction, allowing the
thermal wires to detect cooler or hotter regions that correspond to areas of less or more grout
volume, respectively. These ACIP piles can reach depths of over one hundred feet and cannot be
fully inspected making these verification methods vitally important.
This thesis looks critically at field data from ACIP piles being constructed as part of the I395 expansion project ongoing in Miami, Florida. Through this review, it has been determined that
the current methods for monitoring and evaluating pile construction are often contradictory and
result in substantial uncertainty regarding the as-built dimensions of ACIP piles. It is therefore the
viii

goal of this research to identify the current issues facing the construction of ACIP piles, the effects
on pile integrity, and recommend future directions of research that will result in better ACIP pile
construction and evaluation techniques.
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Chapter 1: Introduction
During the construction of ACIP piles, it is essential to properly monitor the amount of
grout being pumped into the pile excavation. Accurate volume measurements are used when
calculating the as-built pile dimensions to verify pile integrity. The simplest method of monitoring
grout volume is by counting pump strokes during pile grouting and calculating grout volume based
on the calibration coefficient (volume/stroke) of the pump. This can be extended by counting pump
strokes as a function of auger depth to obtain a better understanding of grout distribution along the
length of the pile. A length of pile requiring more pump strokes will correspond to a region of
larger shaft radius. However, the method of counting pump strokes relies on many assumptions
that prevent it from providing guaranteed grout volume measurements.
Currently, Automated Measuring Equipment (AME) has been introduced to supplement
manually

counting

pump

strokes.

The

AME

measures

auger

rotational

speed,

penetration/extraction rate, grouting pressure, and grout volume as measured by an in-line
magnetic flow meter. This data paints a much clearer picture of the various aspects that go into the
construction of an ACIP pile. The two grout volume measurement methods, counting pump strokes
and the magnetic flow meter measurements, can be used to determine the total volume of an ACIP
pile. Furthermore, when the extraction rate of the auger tip is known, radius along the length of
the pile can be estimated, providing a glimpse at the shape or profile of the constructed pile.
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During grouting, the auger is slowly extracted, and once grouting has finished, a steel
reinforcement cage is lowered into the excavation. Four thermal wires are installed along the length
of the reinforcement cage, providing another integrity verification method as the grout cures
exothermically. Installation of thermal wires is known as Thermal Integrity Profiling (TIP), and it
requires accurate pile volume to draw conclusions on the shaft radius as a function of pile length.
The Deep Foundations Institute (DFI) began a pilot study in 2016 to investigate integrity methods
for ACIP piles and their suitability as a geotechnical foundation for use in large publicly funded
projects, such as bridges. A pile was constructed, and the radius was estimated using volume as
calculated from pump strokes, volume as measured by AME, and as measured with calipers after
a complete pile extraction. The radius of the shaft as a function of depth for the extracted pile can
be seen in Figure 1.1.

Figure 1.1 Diameter measurements using various methods for pile ‘E1’ (Mullins & Johnson, 2017)
2

It can clearly be seen that both grout volume accounting methods largely over-predict the
pile radius as measured after complete pile extraction. Additionally, the two grout volume
accounting methods are not in agreement.
1.1 Problem Statement
The DFI pilot study showed that while ACIP piles are now being used frequently for large
publicly funded structural projects, there is still uncertainty surrounding the construction practices
and the resulting effects on as-built pile size and integrity. This thesis investigates the installation
data from hundreds of piles being installed in Miami, FL to better understand how many piles are
being affected by uncertainties in construction techniques, with a specific emphasis on grout
volume accounting methods.
1.2 Thesis Organization
Chapter one provided an overview of ACIP pile installation and the current issues
surrounding volume accounting and subsequent pile size prediction. Chapter two will provide a
brief background of geotechnical foundations, ACIP piles, ACIP pile construction, and integrity
methods used to verify completed piles. This will be followed by an introduction to the field data
obtained from the I-395 design-build project in Miami, Florida and the analysis that was performed
on this data. Chapter four will convey the current findings from all piles analyzed to date that had
sufficient installation data and chapter five will provide conclusions and recommendations for
better ACIP pile construction practices.
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Chapter 2: Background
Deep foundations are used to transfer large structural loads to the ground. There are three
main types of deep foundation elements used: (1) driven piles (2) drilled shafts and (3) Augered
Cast-In-Place (ACIP) piles. While this topic is vast and there are many subsets of foundation
elements, a brief overview of the three main foundation elements will be provided. The installation,
monitoring, and verification of ACIP piles will be emphasized as this foundation element is the
focus of this study.
2.1 Driven Piles
Driven piles are usually constructed off-site and can be made from wood, steel, or concrete.
For large structural loads, driven piles are usually prestressed concrete elements constructed in a
prestressing yard off-site, as seen in Figure 2.1.

Figure 2.1 Off-site driven pile prestressing yard (photograph by Malaak Araujo); used with
permission.
4

Once transported to the construction site, the piles are driven into the ground using an
impact or vibrating hammer (PDCA). The pile is driven until the desired capacity is developed,
determined by the number of blow counts required for a certain length of ground penetration
(Hussein et al.). Once the minimum capacity is established, the pile can either be shortened by
cutting it to length or lengthened by splicing on an additional section of pile (PDCA). Driven piles
are classified as a displacement pile as the soil is displacement outward when the pile is driven
downward into the ground. Driven piles have the advantage of being inspected before placement
into the ground and are typically used to support buildings, walls, and bridges. Figure 2.2 shows a
driven pile foundation for a Mechanically Stabilized Earth (MSE) wall.

Figure 2.2 Driven pile foundation for Paseo Al Mar overpass (photograph by Malaak Araujo);
used with permission.
2.2 Drilled Shafts
Drilled shafts are a deep foundation element constructed by drilling an excavation with a
short auger bit that only has a few flights. As the auger repeatedly removes soil from the
excavation, it is essential to maintain the stability of the excavation through mechanical or
5

hydrostatic means (Mullins et al., 2019). A steel casing can be placed to support the walls of the
excavation and either removed post-concreting or left in place. Alternatively, a slurry support fluid
can be pumped into the excavation to maintain stability. Once the design depth is reached, the
auger is removed, and the reinforcement cage is placed in the slurry filled cylindrical excavation.
Concrete is tremie placed in the excavation in order to displace the support fluid during concreting.
Figure 2.3 shows the full drilled shaft construction process.

Figure 2.3 Drilled shaft construction, from L to R: excavation, cage placement, and concrete
placement (Mullins et al., 2019)
Drilled shafts can be used in a wide variety of structural applications including the support
of bridges, signage, sound walls, and earth retaining walls (FHWA, 2010). Drilled shafts are
unique in their large diameters and their large load carrying capacities.
2.2.1 Drilled Shaft Integrity Methods
After the construction of drilled shafts, it is important to use non-destructive integrity
evaluation methods to verify the shaft. Some of the early integrity methods developed utilize
access tubes which are hollow steel or PVC tubes that span the length of the drilled shaft and are
6

tied to the perimeter of the steel reinforcement cage. Figure 2.4 shows six steel access tubes
installed on a reinforcement cage.

Figure 2.4 Drilled shaft access tubes circled in red (photograph by Amanda Lewis); used and
adapted with permission.
Common integrity evaluation methods include Cross-hole Sonic Logging (CSL) and
Gamma-Gamma Logging (GGL). During CSL, the access tubes are filled with water and a
piezoelectric transducer sends a sound wave through the interior concrete region to a partner
receiver opposite the transmitter, where the water acts as a coupling medium. In high quality
concrete, the speed of sound is between 12,000 and 13,000 ft/s and deviation from these nominal
values provides insight into possible defects within the concrete between the access tube pair used
during testing (Chernauskas & Paikowsky, 2000). This test is performed along the entire length of
the shaft where access tubes are available. CSL is limited in that it can only detect concrete
anomalies within the reinforcement cage, not in the concrete cover region. The concrete cover
region is defined as the region between the reinforcement cage and the outer cylindrical face of
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the constructed shaft. The cover region is especially important for providing load bearing capacity
and corrosion resistance to the steel reinforcement cage.
GGL seeks to improve the visibility of anomalies in the concrete cover region. Unlike CSL,
GGL requires PVC access tubes rather than steel access tubes. The GGL probe is lowered into the
access tubes and gamma particles are emitted into the surrounding concrete and received by a
detector. The rate at which the gamma particles are received is a function of the bulk density of
the surrounding concrete, allowing for the detection of anomalies in regions with a significant
reduction in density (Liebich, 2004). As GGL works in every direction around an access tube, it is
capable of detecting issues in the critical concrete cover region. GGL and CSL are often used
together to construct a more complete picture of the as-built integrity of a drilled shaft. For
example, if GGL identifies an anomaly at a location where CSL does not, it can be inferred that
the anomaly exists in the concrete cover region rather than in the interior portion of the drilled
shaft.
The latest addition to non-destructive integrity evaluation methods is Thermal Integrity
Profiling (TIP). TIP provides a more complete look at the temperature of concrete within the drilled
shaft as it cures exothermically. This method provides the average temperature throughout the
drilled shaft and is capable of identifying hotter and colder regions that could correspond to
anomalous sections of drilled shaft. For example, cooler regions would correspond to a region of
less concrete which is indicative of a neck or inclusion (Mullins, 2010). Similar to CSL and GGL,
assess tubes were originally used to lower a probe with four infrared thermocouples down the
length of the drilled shaft to record temperature measurements at known depth intervals.
While an effective integrity evaluation method, lowering the instrumented temperature
probe into each access tube at various time intervals after the foundation was installed is time
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consuming and tedious. The more common method of TIP involves the installation of thermal
wires directly to the reinforcement cage. These thermal wires have thermocouples at one-foot
intervals along the length of the shaft. Four thermal wires are typically installed, each at 90 degrees
to one another, placing them in a north-south-east-west configuration, as seen in Figure 2.5. Each
thermal wire is connected to a Thermal Access Port (TAP) box that continuously monitors the
temperature at each one-foot interval at specified time increments. This automated data collection
method allows for a higher data collection rate and a hands-off approach.

Figure 2.5 Drilled shaft thermal wires circled in red (photograph by Amanda Lewis); used and
adapted with permission.
The collected temperature data is then used to predict the radius along the length of the
drilled shaft foundation. Furthermore, because four thermal wires are used, any eccentricity in the
reinforcement cage relative to the excavation can be inferred. This information can provide useful
information on shaft cover as an eccentric cage will have greater cover on one side and less cover
9

on the opposing side. This method of TIP is discussed as it was originally developed for use in
drilled shafts, but its application has extended to ACIP piles. A more complete look at TIP use in
integrity evaluation of ACIP piles will be discussed in section 2.3.2.
2.3 Augered Cast-in-Place (ACIP) Piles
Augered Cast-in-Place (ACIP) piles are a deep foundation element responsible for
transferring large structural loads to the ground. They are also known as Continuous Flight Auger
(CFA) piles, screw-piles, or auger-cast piles due to the basic principle by which they are
constructed. Unlike other geotechnical foundations, ACIP piles are drilled with an auger that is the
same length of the designed pile, providing excavation stability without any additional mechanical
or hydrostatic support. Once drilled, grout is pumped through the hollow stem of the auger as it is
slowly extracted from the excavation in order to fill the excavation with grout and complete the
pile. High-slump grout is used rather than concrete to reduce potential clogging caused by coarse
aggregate in the pumps, lines, and auger stem associated with the construction of ACIP piles.
2.3.1 ACIP Pile Construction Techniques
Construction of ACIP piles begins with drilling an excavation with a full-length auger bit
that creates an excavation to the pile design depth. As the continuous flight auger bit is drilled into
the excavation, the auger flights fill with soil cuttings that provide support for the open excavation.
Ideally, the auger is drilled to the design depth in one continuous motion with a constant auger
rotational speed and penetration rate that promotes a full auger. When drilling occurs without
sufficient penetration, mining of the surrounding soils can occur which can jeopardize the stability
of the excavation.
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Figure 2.6 ACIP pile construction process (a) drilling (b) grouting (c) pile completely grouted (d)
cage placement; adapted from (Brown et al., 2007).
Once the pile design depth has been reached, grouting is to be started immediately (Brown
et al., 2007). Before auger extraction begins, an initial grout head is established that is equivalent
to the corresponding volume of a 5ft. pile length or 10% of the pile length (FDOT, 2020). The
auger is then extracted while continuously pumping more volume in a section of pile than the
theoretical volume of that section removed (typically 15% greater), known as the overpour
percentage. The process of drilling, grouting, and cage placement can be seen in Figure 2.6. In
order to account for grout volume more intuitively during ACIP pile construction, the volume has
been divided into four portions as follows:
1. Volume 1: Priming Volume, grout volume required to prime grout pump, fill all hoses, and
fill the hollow auger stem.
2. Volume 2: Initial Head Volume, grout head required by FDOT 2022 Standard
Specifications for Road and Bridge Construction, Section 455-44.2.
3. Volume 3: Incremental Volume, volume pumped into excavation as auger is extracted to
ensure uniform grout distribution throughout the length of the pile. Volume 3 tracking ends
at the moment of grout return.
11

4. Volume 4: Finishing Volume, the grout volume pumped after grout return including a
portion of finished pile volume and grout wasted at the ground surface as grout continues
to be pumped as the auger is extracted after the time of grout return.
In order to determine the completed pile volume based on these four volume portions, the
simplified equation can be used:
Pile Volume = Vol 2 + Vol 3 + Portion of Vol 4

(2.1)

This equation shows that none of volume one, the volume used to prime the grout pump
and all the grout lines is accounted for in the final pile volume. The complete amount of volume 2
and volume 3 are counted in the pile volume, however, only a portion of volume 4 is counted.
Recording of volume 4 begins at the point of grout return, when grout is seen escaping at the
ground surface from the excavation. The grout has passed the bottom auger flight and found its
way up the portion of auger still in the excavation until it reaches the ground surface, due to the
overpour percentage during tracking of volume 3. The maximum value of volume four is therefore
the product of the cross-sectional area of the auger (πr2) and the return depth (the depth of auger
at the time of grout return). However, in reality, this volume is occupied by the auger itself and the
soil cuttings that remain on the auger flights. The fraction of the perfect cylinder that contributes
to pile volume is denoted as the Auger Fill Factor (AFF). The AFF is calculated as follows:
AFF = (Auger Vol. + Soil Vol.) / Nominal Cylinder Vol.

(2.2)

The nominal cylinder volume refers to a full cylinder with the same outer diameter as the auger
bit. The AFF represents the amount of grout volume that needs to be added which cannot be tracked
and is estimated to be only as large as the volume of the soil cuttings and the steel auger. A visual
representation of the portion of volume 4 that is of concern can be seen in Figure 2.7.
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Figure 2.7 Visual representation of AFF and volume 4
Once the AFF is estimated, it can be used to calculate the portion of volume 4 that is contributing
to the final pile volume with the following equation where r is the auger radius:
Portion of Vol 4 = AFF πr2Lreturn

(2.3)

When substituted into Eq. (2.1) the resulting equation of the final volume can be obtained:
Pile Volume = Vol 2 + Vol 3 + AFF πr2Lreturn

(2.4)

2.3.2 ACIP Pile Thermal Integrity Profiling (TIP)
While drilled shaft foundations tend to have larger diameters than ACIP piles (3 to 15 ft.
in diameter compared to 12 to 30in for ACIP piles), the principle once the excavation is created is
similar. Both use a reinforcement cage lowered into the excavation, the only difference is that
drilled shafts concrete through a tremie pipe after cage placement and an auger-cast cage is lowered
into a grouted excavation. The use of thermal wires tied to the reinforcement cage for TIP is
therefore the same in drilled shafts and ACIP piles. Thermal wires tied along the reinforcement
cage of an auger-cast pile can be seen in Figure 2.8. Having both thermal wires and access tubes
allows for both probe and wire-based integrity methods.
13

Figure 2.8 Four thermal wires (yellow) installed on a reinforcement cage
2.3.3 ACIP Pile Volume Tracking
As previously mentioned in Chapter 1, monitoring placed grout volume is an essential part
of analyzing the integrity of ACIP piles. The assumptions made during post-construction integrity
methods (TIP) are also reliant on accurate grout volume measurements. Before diving into the
mechanics of grout placement underground, it is important to establish a clear understanding of
the equipment and processes at the surface. Grout is mixed off-site and transported in concrete
trucks, these trucks then discharge the grout into a funnel that feeds a grout pump. The grout pump,
as seen in Figure 2.9, is the first piece of equipment in the grouting line.
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Figure 2.9 Grouting pump with funnel/hopper (Brown et al., 2007).
The grout pumps used are double-acting positive displacement pumps capable of producing
grout pressures of 350 psi. The grouting pump feeds 2.5 to 4 in. diameter lines that lead to the
hollow stem auger (Brown et al., 2007). Once reaching the auger, the grout flows down the hollow
stem and begins filling the ACIP pile excavation as the auger is extracted. Double-acting positive
displacement pumps make use of the forward and reverse stroke of the piston to displace grout
volume. On both strokes, grout is both sucked into one side of the cylinder chamber and displaced
out the other side. Four check valves ensure grout volume is properly moved during both the
forward and reverse pump stroke. Figure 2.10 shows a complete general diagram of a doubleacting positive displacement pump as well as the general movement of grout through the pump
during both the forward and reverse pump strokes.
15

Figure 2.10 Double-acting positive displacement pump general diagram (Tackett et al., 2008);
used and adapted with permission.
2.3.4 Manually Recording Pump Strokes
The simplest way of grout monitoring is in the form of counting pump strokes audibly or
by maintaining a foot on the grout line. With the number of pump strokes and the volume/stroke
calibration coefficient, the volume of grout pumped can be calculated. This method relies heavily
on a few assumptions: (1) the calibration coefficient is accurate and (2) the calibration coefficient
remains constant during grouting. These assumptions will be further challenged in Chapter 3, but
a brief summary of the issues will be provided here. Grout pumps are not routinely calibrated
before the construction of each new pile, and they are calibrated by pumping four strokes of grout
into a 50-gallon drum on site.
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During this calibration, there is no pressure developed in the lines as there would be during
pile construction. Furthermore, four pump strokes does not provide enough time to develop a
steady state system wherein all the lines are perfectly primed, and the pump is operating in a steady
state condition. This could substantially alter the pumps volume/stroke coefficient between
calibration and operation. Once the pump is calibrated, it is assumed that the calibration coefficient
does not change when grouting. However, the grouting pressure varies significantly during
grouting operations and the grout pumps may perform less efficiently under high pressure
conditions.
2.3.5 AME Volume Tracking
The preferred method of tracking volume during the construction of ACIP piles is through
the use of an in-line magnetic flow meter. This flow meter produces a magnetic field around the
circular cross-section where a conductive fluid (grout) flows. The fluid flow will induce a voltage,
measured by the AME, which is proportional to the average flow velocity (Brown et al., 2007).
The flow rate is then calculated with the known cross-sectional area of the flow meter. The in-line
flow meter used during the construction of ACIP piles can be seen in Figure 2.11.

Figure 2.11 In-line magnetic flow meter (Brown et al., 2007).
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2.3.6 Magnetic Flow Meter
Magnetic flow meters are capable of measuring the velocity of difficult fluids like grout
and they have no moving mechanical parts, requiring low maintenance (Omega, 2018). This makes
magnetic flow meters a suitable candidate for measuring volumetric grout flow rate. Magnetic
coils are used to generate an electrical field within a pipe of know cross-sectional area. Two
electrodes are placed in the pipe, making direct contact with the flowing fluid. A diagram
representing the components and operating principles of in-line electromagnetic flow meters can
be seen in Figure 2.12.

Figure 2.12 Diagram of in-line electromagnetic flow meter (MECON, 2022); used and adapted
with permission.
For a magnetic flow meter to work, the flowing fluid being measured must be electrically
conductive. These electrodes measure a voltage that is proportional to the velocity of the flowing
fluid based on Faraday’s law of induction (Hofmann, 2003). As the grout velocity increases so
does the measured voltage across the electrodes. Equation 2.5 describes Faraday’s Law where
voltage is proportional to velocity:

18

Ui = (v x B) · L
where:

(2.5)

Ui = induced voltage vector
B = induction vector
L = length of conductor moving through magnetic field
v = fluid velocity vector
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Chapter 3: Field Data Collection and Analysis Methods
This chapter will focus on field data collected from a pilot study conducted by the Deep
Foundations Institute (DFI) and from the construction of ACIP piles as a part of the I-395
expansion project in Miami, Florida. During the construction of these piles, data was collected by
Automated Monitoring Equipment (AME) and through manual measurements that were recorded
on installation logs by field inspectors. This chapter will begin with an overview of the data sources
and their completeness. This will be followed by the specific analysis that was performed to better
understand the accuracy of current grout monitoring methods and the underlying assumptions used
in evaluating as-built pile size and integrity.
3.1 Deep Foundations Institute Pilot Study
The first source of data comes from a pilot study conducted by the DFI starting in 2016
and concluding in 2017. This study involved the detailed monitoring of ACIP pile installation.
These test piles were instrumented with thermal wires along the length of the reinforcement cage
to perform TIP analysis. Two piles were loaded compressively, two were loaded laterally, and two
were loaded in tension. Furthermore, one test pile was designated for extraction to evaluate the
physical as-built dimensions for comparison to the dimensions predicted by TIP data and
monitored grout volume. The complete test pile layout and corresponding legend can be seen in
Figure 3.1. The test piles denoted with a letter ‘R’ are reaction piles. These piles are used as support
during load testing. For example, during the compressive load tests, large, reinforced I-beams span
over the test pile and tie into the reaction piles. An example of the compressive loading setup used
in this pilot study can be seen in Figure 3.2.
20

Figure 3.1 DFI pilot study test pile locations and legend (Marinucci et al., 2017)

Figure 3.2 DFI pilot study compressive loading test setup (Marinucci et al., 2017)
3.1.1 Test Pile Extraction
The test pile ‘E1’ was completely extracted from the ground after construction by drilling
14 in relief holes near the pile and then using a similar setup as performed during the tensile loading
of piles ‘T1’ and ‘T2’ (Marinucci et al., 2017). After extraction, the pile was pressure washed and
circumference measurements were taken at one-foot intervals along the entire forty-foot length of
the pile. Once taken, these measurements were converted to radius and compared with those
predicted by monitoring of AME and manual grout volume, seen in Figure 3.3.
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Figure 3.3 Pile ‘E-1’ field and predicted dimensions (Mullins & Johnson, 2017)
Effective radius from AME records refers to the radius as calculated using the volume
recorded by the in-line magnetic flow meter. The effective radius is calculated at each 2’ interval
along the length of the pile using the following equation:

𝑅𝐴𝑀𝐸 = √
where:

𝑉𝐴𝑀𝐸
𝜋𝐿𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑎𝑙

(3.1)

𝑉𝐴𝑀𝐸 = AME recorded volume over 2ft. of pile length
𝐿𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑎𝑙 = 2ft.
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Similarly, effective radius from manual grout log refers to the radius as calculated using volume
from manually counting pump strokes during grouting following the equation:

𝑅𝑝𝑢𝑚𝑝−𝑠𝑡𝑟𝑜𝑘𝑒𝑠 = √
where:

𝑉𝑝𝑢𝑚𝑝−𝑠𝑡𝑟𝑜𝑘𝑒𝑠
𝜋𝐿𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑎𝑙

(3.2)

𝑉𝑝𝑢𝑚𝑝−𝑠𝑡𝑟𝑜𝑘𝑒𝑠 = pump stroke volume recorded over 5ft. of pile length
𝐿𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑎𝑙 = 5ft.

The volume as calculated from pump strokes is calculated using the following equation:
𝑉𝑝𝑢𝑚𝑝−𝑠𝑡𝑟𝑜𝑘𝑒𝑠 = 𝑁𝑝𝑠 (𝐶𝑝𝑠 )
where:

(3.3)

𝑁𝑝𝑠 = number of pump strokes over 5ft. of pile length
𝐶𝑝𝑠 = grout pump calibration coefficient (cuft./stroke)
As expected, the three methods of physically measuring pile radius are in close agreement,

however, radius predicted from grout volume over-predicts as-built pile size. Both radius
measurements calculated from AME monitored grout volume and manually recorded grout volume
over predict as-built pile size. Furthermore, both grout monitoring methods are not in agreement.
This extracted test pile is one of the motivators for this area of investigation. Why do the current
grout volume accounting methods both disagree with each other and overpredict pile size when
compared to physical measurements taken from an extracted pile?
In the field, piles are rarely if ever extracted after construction, making this pilot study
conducted by the DFI so valuable in the analysis of ACIP piles in general. The objective of the
DFI study was to investigate the use of ACIP piles for the construction of bridges and major
structures. The DFI and (Mullins & Johnson, 2017) concluded that ACIP were appropriate for the
Florida DOT to consider for use in the structural support of bridges. Since this study, the FDOT
has authorized ACIP piles for bridge construction in Florida.
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3.2 I-395/SR 836/I-95 Design-Build Project
Formally known as the I-395/SR 836/I-95 Design-Build Project, this construction project
will improve the mobility of residents, commuters, and tourists by increasing the capacity of I395, SR 836, and I-95 at their intersection in Miami, Florida (FDOT & MDX). This project
represents a partnership between the Florida Department of Transportation and the Miami-Dade
Expressway Authority (MDX). The project consists of three major objectives that include: (1)
Constructing a double deck for SR 836 (2) Concrete pavement replacement, lane addition, and a
new connector ramp for I-95 and (3) I-395 facility improvements and construction of a signature
bridge.
3.2.1 I-395 Signature Bridge
The I-395 signature bridge will be 1,025 ft long and span over NE 2 Ave. and Biscayne
Boulevard. There will be six arches that start from the center pier and cross outward to support the
bridge deck with cables, seen in Figure 3.4. While the bridge superstructure is visually striking,
the foundation elements will be the focus of this study. There are seven total geotechnical
foundations that support the signature bridge, six below each arch and one below the center pier.
While the size of each foundation varies, the piles are generally either 2.5ft. or 3ft. in diameter.
The larger piles are seen in the construction of the center pier foundation where the six arches
meet. The center pier has 128 – 3ft. diameter auger-cast piles that are all roughly 120ft. in length.
Figure 3.5 shows all 128 center pier piles completed prior to construction of the center pier footing
which will transfer the load from the superstructure to the pile group.
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Figure 3.4 I-395 signature bridge render (FDOT & MDX); used with permission.

Figure 3.5 I-395 signature bridge center pier construction
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Although the project is ongoing, the installation data from the constructed ACIP piles has
been received from FDOT inspectors. This data consisted of the installation logs, AME data
records, and TIP data. All the data has been sorted by pile and their respective piers for data
analysis. Furthermore, the date of construction for each pile was logged in order to see any
variation in construction parameters as a function of pile installation date.
3.3 Complete and Partial Re-strokes
During the construction of ACIP piles, it is essential that the drilling operation be
continuous to maintain a full auger and provide excavation stability. To maintain this condition,
the auger cannot be removed or lifted above the current auger tip depth during drilling. While
grouting, the grout replaces the auger as the stabilizing element in the excavation. The auger should
not deviate from the controlled extraction as this would leave sections of excavation unsupported.
Brown et al. (2007) notes that an unsupported excavation can cause cave in and other anomalies
to occur. Furthermore, extracting an auger could cause a removal of soil cuttings on the auger
flights, making it more difficult to accurately track AFF and subsequently, volume 4.
Given the inherent issues surrounding auger extraction, it was desired to analyze all of the
constructed piles as part of the I-395 design-build project for auger extraction. Two terms will be
defined to better differentiate between the types of auger extraction, (1) partial re-stroke and (2)
complete re-stroke.
1. Partial Re-stroke: The auger tip is extracted above the current drilling/grouting point and
reinserted to continue the current drilling/grouting operation.
2. Complete Re-stroke: The auger tip is extracted to the ground surface, completely exiting
the pile excavation, then reinserted to resume the current drilling/grouting operation.
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In order to determine if a partial or complete re-stroke has occurred during pile installation, auger
tip depth from the AME logs will be plotted against time. Figure 3.6 shows an example of a partial
and complete re-stroke during a drilling operation. Furthermore, Figure 3.7 shows an example of
a partial and complete re-stroke during a grouting operation.

Figure 3.6 Example of one partial and one complete re-stroke during drilling

Figure 3.7 Example of two partial and one complete re-stroke during grouting
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Ideally, the drilling and grouting operation during pile construction should be continuous,
as seen in Figure 3.8. While the drilling operation is not done at a constant velocity, there are no
partial or complete re-strokes that could jeopardize the stability of the pile excavation. Grouting
of this pile was also completed in a continuous manner.

Figure 3.8 Example of an ideal drilling and grouting operation
To illustrate the range of possible installation profiles encountered, Figure 3.9 shows 15
partial re-stroking events during the drilling operation. While it is difficult to quantify the effects
that re-stroking has on the final pile dimensions and integrity, it is important to acknowledge that
re-stroking leaves the excavation unsupported and repeated stroking of the auger can significantly
affect the concentricity and nominal diameter of the pile excavation. Figure 3.9 also illustrates that
the auger remained out of the excavation for approximately one hour before it was reinserted,
allowing ample time for a number of sub-surface disturbances to occur.
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Figure 3.9 Pile with 15 partial re-stroking events during drilling
3.4 Grout Strokes vs. AME Volume
As previously mentioned in section 2.3, there are two main ways in which grout volume is
tracked during pile construction: (1) manually counting pump strokes and (2) AME flow meter
volume. During pile grouting, a field engineer is counting the pump strokes and using the
previously performed pump calibration to record the amount of grout volume actively being
pumped into the pile excavation. At the same time, the AME is recording the grout flow rate
passing through the magnetic flow meter using the principles discussed in section 2.3.6. Ideally,
these two methods should be in close agreement, with FDOT requiring they be within 3% of each
other (FDOT Standard Specifications 455-44.2). This section seeks to investigate that idea, does
the AME recorded grout volume agree with the grout volume as calculated from counting pump
strokes?
Throughout each phase of pile installation, values are being recorded in an installation log,
culminating in a five-page pile installation document. The grout pump stroke and grout volume
monitoring page will be the section of the pile installation log focused on. An example section
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from the installation log of bridge 8, center pier, pile 3 can be seen in Figure 3.10. This figure only
shows the last 50 ft. of grouting, or the 50 ft. of pile below ground surface elevation. It should be
noted that the data sheet is populated from the bottom up and the auger is extracted from deeper
to shallower depths; in this case, 836 cuft. of grout had been placed when the auger tip had risen
to a depth of 50ft. The pump strokes required to advance each 5 ft. section of pile are recorded as
well as the corresponding volume as calculated by multiplying pump strokes by the calibration
coefficient, 1.42 cuft./stroke for this particular grouting operation. The grout volume pumped for
each 5ft. section is also compared to the theoretical volume required for a full 5ft. cylindrical
section of pile, shown in the percent theoretical section.

Figure 3.10 Bridge 8 – center pier – pile 3, installation log
The actual accrued grout volume and the corresponding depth of measurement were
recorded in Excel. The AME data was then parsed and the accrued grout volume measurement at
5ft. depth intervals was also recorded to establish a comparison between the two methods of
monitoring accrued grout volume. The AME volume was then plotted against the pump stroke
volume, seen in Figure 3.11. A linear trend line was established between the two data sources,
showing a very strong agreement between both grout volumes. For example, when the AME
measured 200 cuft. of accrued grout, grout volume calculated from pump strokes was 201.33 cuft,
representing a 0.66% disagreement.
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Figure 3.11 Bridge 8 – center pier – pile 3, AME volume vs. pump stroke volume
This close relation between the two methods of accounting for grout volume is promising,
however, this was not always the case. It was determined that during the vast majority of pile
installations, the AME and pump stroke grout volumes greatly disagreed. Figure 3.12 shows the
same volume comparison performed on bridge 101, pier 1, pile 2. Unlike the previous pile, 200
cuft of volume measured by AME corresponds to 224.32 cuft. calculated from pump strokes,
equating to a 12.16% disagreement.
In order to put this into perspective, grout percentage disagreement was converted to the
respective change in pile radius. In essence, how would this disagreement in pumped grout volume
change the average radius of the constructed pile? In order to draw this comparison, one of the two
measurement methods was assumed to be correct to act as a datum, in this case the AME grout
volume was assumed to be correct. All of the piles analyzed were 15in radius, and the following
equation was used to correlate grout volume error to minimum radius:
Disagreement % = 1 – (Vmin / Vnominal) = 1 – (r2min / r2nominal )

(3.4)
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The minimum radius value was then found by solving for rmin. This represents the minimum
expected radius under the conditions of largest grout error disagreement between AME grout
volume and grout volume as calculated using pump strokes.

Figure 3.12 Bridge 101 – pier 1 – pile 2, AME volume vs. pump stroke volume
Any large variations in grout volume measured by the two main methods represents a much
larger issue. It is difficult to say with certainty which grout volume accounting method, AME or
pump stroke volume, is correct. This creates an issue when evaluating the integrity in two ways.
The most obvious issue is when estimating the pile radius based on the volume of grout pumped
in, if this volume is incorrect, the pile could be undersized. The second issue is introduced during
thermal integrity profiling which also relies on the pile volume to estimate the radius. Furthermore,
given the pile volume, TIP is capable of identifying necks and bulges along the length of the pile,
the severity of which are dependent on an accurate pile volume measurement. The grout volume
disagreement results for all piers will be presented in section 4.2.
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3.5 Auger Fill Factor
The Auger Fill Factor (AFF) is an essential parameter used in the calculation of the volume
used to construct an ACIP pile. The AFF is a number between 0.13 and 1 or a percentage between
13% and 100% that represents the volume of the soil laden auger at the time of grout return, this
includes the volume of the steel auger and the volume of adhered soil cuttings. It is important to
note that the auger occupies 13% of the cylinder. This leads to an AFF of 0.13 representing an
empty auger will no soil cuttings and an AFF of 1 represents an auger full of soil cuttings. An
example auger with soil cuttings can be seen in Figure 3.13.

Figure 3.13 Example of auger flights with soil cuttings
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Interestingly, two qualitative methods of soil cutting adhesion have been identified. The
first involves the soil cuttings sitting on top of the spiral auger flights. In the second method, the
soil cuttings are seen clinging to the center stem of the auger. Figure 3.14 shows this qualitative
difference in the adhesion of soil cuttings and Figure 3.15 shows this comparison with field photos.

Figure 3.14 Types of soil cutting adhesion to continuous flight auger

Figure 3.15 (left) Soil cuttings adhere to center stem (right) soil cuttings adhere to auger flights
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Currently, there are no definitive methods for determining the AFF on site in order to
precisely calculate volume 4 when determining the overall volume in an ACIP pile. A preliminary
approach has been explored to better estimate the AFF based on photographs taken as the auger is
being extracting during the grouting operation. A video was taken during the grouting operation
as the auger was being extracted and screen captures were taken at 10ft. intervals of extraction. A
basic photo-discrimination method that identifies soil cuttings and the auger blade within the
captured pictures was then used to predict the AFF. The video screen captures during extraction
can be seen in Figure 3.16.

Figure 3.16 Screen captures at 10 ft. intervals of auger extraction
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The photo-discrimination program then identifies which portions of the image are soil
cuttings and auger and isolates those pixels from objects in the background. A new image is created
wherein the auger and soil cuttings are identified in red. This area of soil cuttings and auger is then
rotated about the central axis to estimate the associated volume. The volume of soil cuttings and
auger is then divided by the volume of a complete cylinder to obtain the AFF. A processed image
can be seen in Figure 3.17.

Figure 3.17 AFF photo-discrimination example during first 10ft. of extracted auger length (2ft.
series notation)
Using this method, an AFF was determined at each 10ft. interval of extracted auger length.
The 2ft. interval represents the first or uppermost section of auger extracted when grouting started.
The 82ft. interval represents the last section of auger to be extracted from the pile excavation,
towards the conclusion of grouting. Figure 3.18 shows the estimated AFF as a function of extracted
auger length.
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Figure 3.18 Estimated AFF at 10ft. intervals of extracted auger length during grouting
3.6 Field Measurements at Cut-off Elevation
During the pilot study performed by the Deep Foundations Institute (DFI) in 2016, a pile
was excavated after installation to take diameter and circumference measurements at specific
intervals along the length of the pile. While viable in a research setting, this is naturally not
common for piles that will be used for construction projects. Therefore, it can be difficult to obtain
a lot of data regarding the as-built pile dimensions as this would require complete excavation.
However, the pile tops are visible, and a short length of pile is excavated in order to tie into the
pier footing which is responsible for transferring the load from the structure to the supporting pile
group.
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It is important to note that auger cast piles are constructed to the ground surface elevation
and the fill surrounding the piles is then excavated to make room for the pier footing, as it extends
below the ground surface elevation. The point below ground surface elevation to which the augercast piles are shortened is known as the cut-off elevation, as seen in Figure 3.19. While not the
case for every pier, inspectors take two diameter measurements, a circumference measurement,
and cover measurements at the cut-off elevation. This is important as the thermal wires were
recording temperature data along the entire length of the pile, including at the cut-off location,
allowing a direction comparison between predicted and measured diameter at the cut-off elevation.

Figure 3.19 (left) Bridge 8 – center pier constructed piles before shortening (right) piles shortened
to cut-off elevation
The two diameter measurements taken at the cut-off elevation are along both the northsouth and east-west direction. This orientation is also used in the identification of the four thermal
wires installed along the reinforcement cage. The circumference measurement is taken by
wrapping a soft tape around the pile at cut-off elevation. The inspectors also take cover
measurements at each of the four thermal wire locations. Again, cover refers to the amount of grout
between the outside of the reinforcement cage and the outer cylindrical face of the pile. The cover
38

region is especially important in providing load bearing capacity and corrosion resistance to the
pile. A complete diagram of the field measurements taken at the cut-off elevation can be seen in
Figure 3.20.

Figure 3.20 Diagram of cut-off elevation measurements recorded
While these measurements are not available for every pier, a total of 15 piers had complete
field measurements, including two diameter measurements, a circumference measurement, and
cover measurements. An example field report for bridge 101, pier 19 with all of these
measurements at the cut-off elevation can be seen in Figure 3.21. While the cover measurements
will not directly be used in the analysis presented, there is a subtle point worth noting. At the cutoff elevation, the stirrups of the reinforcement cage are not always visible, leading inspectors to
reference the vertical rebar when recording cover measurements. To obtain the true cover
measurement, the diameter of the stirrups then needs to be subtracted from the reported cover
measurement.
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Figure 3.21 Bridge 101, pier 19 field measurements at the cut-off elevation
These diameter measurements at the cut-off elevation were compared to the pile diameter
as predicted using recorded grout volume and TIP analysis. The purpose of this procedure is to
determine the pile volume and then back-calculate the AFF that would be required to match the
measured and predicted pile diameter at cut-off elevation. The AFF has a significant effect on the
volume 4 portion of the final pile volume. To illustrate this effect, five model augers were created,
each with varying amount of soil cuttings on the auger. In this particular example, the soil cuttings
were modeled as adhering to the auger stem rather than sitting on top of the auger flights. The first
model represented an AFF of 0.13 or 13%, which corresponds to an auger with zero soil cuttings.
The next four models represent an AFF of 25%, 50%, 75%, and 100%, respectively. Figure 3.22
shows a visual representation of these five AFF models.
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Figure 3.22 Five AFF models
An arbitrary temperature profile, seen in Figure 3.23 (left), was then chosen to model the
effects AFF has on the predicted pile size. Figure 3.23 (right) shows the variation in pile radius as
a function of AFF, an empty auger or a low AFF reduces the completed pile volume. Alternatively,
a full auger or large AFF increases the predicted pile size. It is clearly shown that AFF has a major
effect on the predicted pile radius. In fact, it can be concluded that accurate measurement of the
AFF is essential in accurately predicting as-built pile size with TIP. Between an empty and full
auger, a 5 in. difference can be seen in predicted pile diameter.
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Figure 3.23 (left) Example TIP temperature profile (right) effect of AFF on predicted pile
diameter
With the field measurements and the temperature data for each wire (N-S-E-W), the
predicted AFF was back-calculated to satisfy the as-built dimensions. This was done for every pier
with available field measurements (15 piers). The results of this analysis are presented in section
4.3.
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Chapter 4: Results and Effects on Pile Integrity
Chapter 3 looked at installation data from piles constructed as part of both a pilot study
conducted by the DFI and the I-395/SR 836/I-95 expansion project in Miami, Florida. The data
analysis methods used to analyze ACIP piles were discussed. These methods included identifying
auger re-stroking events, comparing AME and pump stroke volume accounting methods, and
back-calculating AFF to match predicted and measured pile diameter at the cut-off elevation.
Chapter 4 will look at the results from the analysis of all piles with available data from the I395/SR 836/I-95 expansion project. It should be noted that not all piles had field measurements
taken at cut-off, restricting the number of piles that received a back-calculated AFF. 386 piles had
sufficient AME data to plot auger tip depth vs time during both the drilling and grouting operation,
allowing for identification of all re-stroking events. 560 piles had sufficient data to compare grout
volume from AME and grout volume as calculated from pump strokes. Finally, 119 piles had the
required field measurements to back-calculate AFF to match the predicted and measured cut-off
elevation diameters. The results of these three approaches will be presented for all piles with
sufficient data. This will be followed by a look at the effects volume uncertainty can have on ACIP
pile integrity.
4.1 Re-stroking Events
As discussed in section 3.3, re-stroking during pile installation is defined as removing the
auger from the excavation during drilling or grouting. During drilling, a re-stroking event occurs
when the auger is lifted above the current drilling point, either partially or completely out of the
excavation. During grouting, the auger is slowly withdrawn, and a partial or complete re-stroke
43

occurs when the auger extraction deviates from the slow and controlled extraction normal to the
grouting operation. The advantage of a continuous flight auger is its ability to maintain excavation
stability without the need for mechanical or hydrostatic support. Auger extraction can jeopardize
the excavation stability and re-stroking has the potential to increase the nominal cylinder diameter,
making grout volume tracking more difficult. This is especially true when tracking volume 4,
which assumes a diameter equal to the auger diameter throughout the return depth.
In an effort to better understand how many piles were re-stroked, auger tip depth vs. time
plots were created for over 386 test piles. The number of partial and complete re-strokes for both
the drilling and grouting operation were recorded, resulting in four values per pile. Of the 386 piles
analyzed, only 156 were installed without any re-stroking, meaning 59.6% of all piles had some
form of re-stroking during either drilling or grouting. A complete look at the number of piles that
experienced each of the four previously described re-stroking events can be seen in Figure 4.1.
Each colored bar corresponds to a unique re-stroking event and the x-axis defines how many of
that specific re-stroke event occurred in a single pile. The y-axis then shows the number of piles
that experienced each respective event. For example, nearly 100 piles experienced 1 complete restroke during drilling.

Figure 4.1 Types of re-stroking events and their respective frequency
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There are a few interesting pieces of information that can be obtained from this data. Restroking events are much more common during the drilling operation. This intuitively makes sense
as the auger tip is less likely to experience obstructions or issues during grout extraction through
an ideally unobstructed pile excavation. The most common re-stroking event is a partial re-stroke
during drilling.
4.2 Volume Accounting Methods
During pile installation, grout volume is monitored using an in-line magnetic flow meter
that is recorded by AME. Pump strokes are also counted, and grout volume is subsequently
calculated using the pump calibration (cuft./stroke). The method described in section 3.4 was
performed on 560 piles. A histogram was created, and a normal distribution was fit to all the grout
volume disagreement percentages, seen in Figure 4.2. Again, a positive percent error corresponds
to pump strokes reporting a smaller volume than AME. Figure 4.2 shows that volume as calculated
by pump strokes was an average of 4.71% lower than that reported by AME.

Figure 4.2 All piers grout disagreement percentage distribution
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Interestingly, the installation records from bridge 8 - center pier show a lower average grout
disagreement percentage and a tighter distribution. Due to the size of the center pier (128 piles),
these piles were presented separately, seen in Figure 4.3.

Figure 4.3 Bridge 8 - center pier grout disagreement percentage distribution
Due to the statistical significance of bridge 8 – center pier, all piles from the center pier
were also excluded from the remaining 432 piles. The grout disagreement distribution of these
piles is presented in Figure 4.4.

Figure 4.4 All piers without bridge 8 - center pier grout disagreement percentage distribution
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These normal distributions clearly demonstrate that most of the time, AME grout volume
is greater than grout volume as calculated using pump strokes. However, there are some instances
where a pile had a negative disagreement percentage. This represented an instance where the
volume as calculated using pump strokes was actually greater than that calculated from AME data.
This is interesting because as previously mentioned in section 2.3, there are a number of reasons a
grout pump might pump less than expected such as leaky check valves or partial stroking. It has
therefore been assumed that if a difference between the two volume accounting methods existed,
the pump stroke volume would be lower than AME measured volume. It should be noted that this
analysis is strictly identifying a difference between the two methods. It is not clear which volume
accounting method is correct. Uncertainty in grout pump and flow meter identification, calibration
data, and maintenance records make it difficult to make any claims on the accuracy of the two
grout volume accounting methods.
In an effort to correlate the possible effect grout volume disagreement can have on pile
size, the average and maximum grout volume disagreement percentages were taken on a per pier
basis and used to calculate the corresponding reduction in average pile radius. It should be noted
that this analysis requires an identification of one volume accounting method as correct, in this
case the AME flow meter data was assumed to be correct. The results for all piers analyzed can be
seen in Table 4.1.
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Table 4.1 Grout disagreement and associated radius reduction per pier
Pier
4-3
4-4L
4-4R
4-5
4-14
4-15
4-16
5-11L
5-15L
5-15R
5-16L
5-16R
7-1
7-2L
7-2R
7-3
7-4L
7-4R
7-5L
7-5R
7-6L
7-6R
7-7
7-8L
7-8R
7-9L
7-9R
7-10L
7-10R
7-11R
8-CP
11-2
101-1
101-2
101-3
101-4
101-6
101-7
101-8
101-9
101-11
101-12
101-13
101-16
101-17
101-19

Avg.
Disagreement
10.15%
11.21%
11.88%
0.23%
4.15%
-2.49%
-3.89%
4.36%
-2.70%
-1.90%
-3.56%
-3.38%
-17.20%
-18.28%
-16.14%
-8.24%
-12.36%
-12.65%
-7.60%
-10.84%
-8.21%
-11.59%
-9.82%
13.56%
12.00%
11.02%
11.06%
10.54%
9.23%
9.62%
2.33%
-23.08%
10.65%
12.63%
3.32%
10.88%
5.71%
3.65%
4.18%
9.61%
33.35%
20.82%
4.64%
4.45%
2.67%
5.35%

St.
Dev.
1.41
1.14
1.56
1.87
0.87
2.62
2.32
1.31
1.54
1.39
1.14
1.03
9.07
3.95
3.71
2.12
2.87
1.34
2.94
2.30
6.37
2.54
3.16
3.28
2.04
2.02
1.11
0.59
2.75
2.09
1.41
3.97
1.77
4.00
6.14
3.91
4.92
6.15
6.31
8.04
48.58
32.46
9.29
0.89
2.16
2.48

Avg.
psi
187.46
179.70
187.00
273.72
288.84
217.61
228.50
245.85
222.90
237.27
216.71
223.60
209.03
268.50
254.38
288.00
290.72
296.95
325.64
319.44
321.95
303.72
269.62
207.01
191.23
153.77
159.67
183.68
159.67
204.84
245.13
259.15
169.78
162.31
164.35
183.26
103.67
119.71
120.86
116.22
150.60
215.87
191.18
180.95
174.00
164.21

CoV
0.14
0.10
0.13
8.17
0.21
-1.05
-0.60
0.30
-0.57
-0.73
-0.32
-0.30
-0.53
-0.22
-0.23
-0.26
-0.23
-0.11
-0.39
-0.21
-0.78
-0.22
-0.32
0.24
0.17
0.18
0.10
0.06
0.30
0.22
0.60
-0.17
0.17
0.32
1.85
0.36
0.86
1.68
1.51
0.84
1.46
1.56
2.00
0.20
0.81
0.46

Pile R
in
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
18
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

Max Vol. Error
%
12.17%
12.78%
13.46%
4.40%
4.77%
2.85%
0.18%
5.92%
-0.24%
0.86%
-1.89%
-2.36%
2.17%
-8.98%
-10.96%
-4.66%
-9.12%
-11.36%
-2.97%
-8.66%
3.04%
-7.58%
-4.20%
20.57%
16.05%
14.21%
13.12%
11.37%
15.82%
13.96%
8.44%
-14.06%
12.16%
18.78%
12.68%
19.25%
15.61%
13.55%
17.55%
26.20%
96.50%
80.57%
27.23%
5.54%
5.06%
8.37%

R min.
in
14.06
14.01
13.95
14.67
14.64
14.78
14.99
14.55
15.02
14.94
15.14
15.18
14.84
15.66
15.80
15.35
15.67
15.83
15.22
15.64
14.77
15.56
15.31
13.37
13.74
13.89
13.98
14.12
13.76
13.91
17.22
16.02
14.06
13.52
14.02
13.48
13.78
13.95
13.62
12.89
2.81
6.61
12.80
14.58
14.62
14.36

R avg.
in
14.22
14.13
14.08
14.98
14.69
15.19
15.29
14.67
15.20
15.14
15.26
15.25
16.24
16.31
16.17
15.61
15.90
15.92
15.56
15.79
15.60
15.85
15.72
13.95
14.07
14.15
14.15
14.19
14.29
14.26
17.79
16.64
14.18
14.02
14.75
14.16
14.57
14.72
14.68
14.26
12.25
13.35
14.65
14.66
14.80
14.59

R max. Error
in
0.94
0.99
1.05
0.33
0.36
0.22
0.01
0.45
-0.02
0.06
-0.14
-0.18
0.16
-0.66
-0.80
-0.35
-0.67
-0.83
-0.22
-0.64
0.23
-0.56
-0.31
1.63
1.26
1.11
1.02
0.88
1.24
1.09
0.78
-1.02
0.94
1.48
0.98
1.52
1.22
1.05
1.38
2.11
12.19
8.39
2.20
0.42
0.38
0.64

R. Avg. Error Max R. Error Avg. R. Error
in
%
%
0.78
6.28%
5.21%
0.87
6.61%
5.77%
0.92
6.97%
6.13%
0.02
2.22%
0.11%
0.31
2.41%
2.10%
-0.19
1.43%
-1.24%
-0.29
0.09%
-1.93%
0.33
3.01%
2.20%
-0.20
-0.12%
-1.34%
-0.14
0.43%
-0.94%
-0.26
-0.94%
-1.76%
-0.25
-1.17%
-1.67%
-1.24
1.09%
-8.26%
-1.31
-4.39%
-8.76%
-1.17
-5.34%
-7.77%
-0.61
-2.30%
-4.04%
-0.90
-4.46%
-6.00%
-0.92
-5.53%
-6.14%
-0.56
-1.47%
-3.73%
-0.79
-4.24%
-5.28%
-0.60
1.53%
-4.02%
-0.85
-3.72%
-5.64%
-0.72
-2.08%
-4.79%
1.05
10.88%
7.03%
0.93
8.38%
6.19%
0.85
7.38%
5.67%
0.85
6.79%
5.69%
0.81
5.86%
5.42%
0.71
8.25%
4.73%
0.74
7.24%
4.93%
0.21
4.31%
1.17%
-1.64
-6.80%
-10.94%
0.82
6.28%
5.48%
0.98
9.88%
6.53%
0.25
6.55%
1.67%
0.84
10.14%
5.59%
0.43
8.13%
2.90%
0.28
7.02%
1.84%
0.32
9.20%
2.11%
0.74
14.09%
4.93%
2.75
81.30%
18.36%
1.65
55.92%
11.02%
0.35
14.69%
2.35%
0.34
2.81%
2.25%
0.20
2.56%
1.34%
0.41
4.27%
2.71%

Table 4.1 shows that the effect of volume disagreement on pile radius is on average in the
0.5 to 1.0in range but can approach 10in. in the most extreme cases. Given that these piles have a
radius of 15in., it is highly unlikely that a pile would have a 10in reduction in pile radius. However,
this speaks to a larger issue about the uncertainty surrounding these grout volume accounting
methods. Are these large disagreements a result of malfunctioning grouting equipment, improper
flow meter/pump calibration, or some other unknown factor?
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4.3 Predicted vs. Measured Pile Diameter
The pile diameter measurements taken at cut-off elevation, discussed in section 3.6, were
used to back-calculate the required AFF needed to match predicted and measured diameter. This
analysis was performed for 139 total piles. Before back-calculating the AFF, it was of interest to
directly compare the predicted and measured diameter measurements at cut-off. The predicted vs.
measured diameter for all 139 piles can be seen in Figure 4.5.

Figure 4.5 Predicted vs. measured pile diameter at cut-off
A one-to-one line is plotted representing the line along which predicted pile diameter is
equal to measured pile diameter. The piles above the one-to-one line show cases where predicted
pile diameter is larger than measured pile diameter, hence an overprediction. In the majority of
piles (71.4%), the diameter was overpredicted using grout volume accounting methods and
associated TIP analysis. Figure 4.6 shows the same plot annotated to show the piles which were
overpredicted. The measured and predicted pile diameter on a per pier basis can be found in
Appendix B.
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Figure 4.6 Predicted vs. measured pile diameter at cut-off annotated
Currently, an AFF ranging from 0.6 to 0.8 is used when calculating the predicted pile
diameter. This AFF assumption resulted in a majority of the pile sizes being overpredicted when
compared to measured values. In an exploratory effort, AFF was back-calculated using an iterative
method in order to match the predicted and measured pile diameters. This process was discussed
in section 3.6 and performed on all 139 piles for which diameter measurements at cut-off elevation
were available. To illustrate the goal of the analysis, Figure 4.7 shows the predicted vs. measured
pile diameter plot after new AFFs were back-calculated.
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Figure 4.7 Predicted vs. measured pile diameter after AFF back-calculation
The diameter of every pile sits on the one-to-one line where predicted and measured pile
diameters are equal. The analysis is iteratively solving for AFF to ensure the predicted pile
diameter matches that which was measured in the field at cut-off elevation. While this backcalculation was performed for all piles constructed from December of 2019 to April of 2021, the
data is divided into two distinct data sets for the initial presentation and will be recombined later.
The first data set represents the piles constructed between December of 2019 and February of
2020. Data set number 1 includes piers 4-15, 4-16, 5-15L, 5-15R, 5-16L, and 5-16R following the
(Bridge # - Pier #) nomenclature. The back-calculated AFFs are presented as a histogram and an
associated normal distribution, as seen in Figure 4.8.
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Figure 4.8 Back-calculated AFF distribution for piers 4-15, 4-16, 5-15L, 5-15R, 5-16L, and 516R
The back-calculated AFFs show a normal distribution with an average AFF of 0.57 and a
standard deviation of 0.11, which is in close agreement to qualitative field inspection and more
importantly is within the possible limits of AFF between 0.13 and 1. Data set number 2 consists
of piles constructed between June of 2020 and April of 2021, including piers 4-4R, 4-4L, 5-11L,
7-1, 7-8L, 7-8R, 7-9L, 7-11R, 101-3, 101-6, 101-9, 101-17, and 101-19 following the (Bridge # Pier #) nomenclature. The same AFF back-calculation was performed, producing the histogram
and normal distribution seen in Figure 4.9.
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Figure 4.9 Back-calculated AFF distribution for piers 4-4R, 4-4L, 5-11L, 7-1, 7-8L, 7-8R, 7-9L,
7-11R, 101-3, 101-6, 101-9, 101-17, and 101-19
The back-calculated AFFs from data set number 2 paint an alarming picture. The majority
of AFFs that were needed to match the predicted and measured pile diameters at cut-off are well
out of the range of physically possible values. Starting with the more easily understood extreme,
an AFF greater than one represents an auger that is more than completely full, requiring not only
grout volume be added to account for a full auger extracted from the point of grout return, but
additional volume also be added to complete the pile. On the other extreme, an AFF of 0.13
represents a completely empty auger. As we approach zero and proceed to negative AFFs, volume
4 must be negative to account for the pile volume. In other words, at the point of grout return, we
have already accounted for the entire pile volume and then some. The substantial number of backcalculated AFFs outside of the physically possible limits could point to volume accounting
problems in other portions of the pile prior to grout return.
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The two data sets presented represent piles installed at separate times, making an
interesting case to plot back-calculated AFF as a function of date to better understand how the
required back-calculated AFFs may have changed throughout the project duration. Additionally,
it was desired to include a measure of the difference between the predicted and measured pile
diameters at cut-off elevation. Bias is introduced as the ratio of measured pile diameter and
predicted pile diameter and is calculated as follows:
Bias = (measured pile diameter) / (predicted pile diameter)

(4.1)

A bias less than one corresponds to an overprediction of pile diameter at cut-off. Figure 4.10 shows
the bias and back-calculated AFFs throughout the project duration where sufficient data was
available.

Figure 4.10 AFF and diameter bias between December 2019 and April 2020
Data set number 1 shows all of the back-calculated AFFs within the range of possible
values and the majority of piles show a diameter bias between 0.9 and 1.1. There is a large gap in
pile installation dates resulting from a lack of available field data during that time. Data set number
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2 contains many piles that required a physically impossible AFF value to match predicted and
measured pile size. Interestingly, the diameter bias is also significantly more skewed representing
severe pile overprediction (bias < 1) in a majority of the piles in data set number two. It should
also be noted that the original AFF used to predict pile size was 0.6 in data set number 1 and an
AFF of 0.8 was later adopted by the pile contractor in data set number 2. However, a change of
0.2 AFF does not explain the widespread range of new back-calculated AFF values required that
are often outside of AFF limitations.
4.4 Effects on Pile Integrity
Uncertainty surrounding the grout volume placed into a pile excavation will have the most
direct and obvious effect on the pile radius. The most dangerous scenario is overpredicting the
amount of grout pumped into the pile excavation resulting in an undersized pile. Furthermore,
improper construction techniques such as re-stroking can cause anomalies or cave-ins along the
length of the pile which could cause necks or bulges in the constructed pile. Intuitively, a reduction
in pile radius is experienced in the outermost region of the pile, or the cover region outside of the
reinforcement cage. This is especially concerning as the cover region is the most important grout
region for capacity and corrosion resistance. The quality and amount of cover is directly
responsible for providing sufficient corrosion protection for the steel reinforcement cage.
Accelerated corrosion of the reinforcing steel can reducing its ability to take tensile loading away
from the grout.
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Chapter 5: Conclusions and Recommendations
5.1 Complete and Partial Auger Re-stroking
During the installation of ACIP piles, the auger and the soil cuttings that occupy the auger
flights provide radial stability to the excavation, maintaining the cylindrical shape of the
excavation. A lack of excavation stability can cause anomalies to form along the length of the
excavation which can lead to necking or bulging in the completed pile. For these reasons, it is
essential to maintain excavation stability by continuously drilling to the pile design depth and
avoiding re-stroking during drilling. Grouting should begin immediately upon reaching the target
design depth and grout should be pumped continuously during the controlled auger extraction.
Data from 386 piles from the I-395/SR-836/I-95 design-build project in Miami, FL was
analyzed for auger extractions during ACIP pile installation. Two terms were defined, partial and
complete re-stroking, and the auger tip depth data from the AME records was plotted against time
to show any auger extractions. It was determined that a large majority of constructed piles (59.6%)
had at least one partial or complete re-stroke during pile construction. It is difficult to see what is
happening 100 ft. underground when a 30in diameter excavation is left unsupported and it is even
more difficult to quantify the effect of leaving an excavation unsupported for an extended period
of time. Brown et al. (2007) clearly discourages the practice of leaving an ACIP pile excavation
unsupported, citing the potential risks to the integrity of the completed pile.
Given the substantial number of piles that underwent some form of partial or complete restroking event, it is recommended that a thorough evaluation of drilling and installation practices
be performed. From preliminary analysis, it seems that many times during drilling the auger bit
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gets stuck, requiring an extraction and inspection by the drilling crew. During grouting, re-strokes
may be the result of clogged grout lines or other issues at the auger tip requiring extraction and
inspection by the field team. One of the main benefits of ACIP piles is the ability of the full-length
auger to provide support to the excavation without the need for any temporary/permanent casing
or drilling support fluid. When an auger is extracted, the utility of ACIP piles comes into question.
While this is beyond the scope of this study, it is recommended that a more serious investigation
into drilling and grouting practices be performed, and appropriate measures be taken to reduce or
eliminate the number of re-stroking events that occur during ACIP pile installation.
5.2 Grout Pump Calibration Methods
Positive displacement grout pumps are used to supply grout during pile installation, and
they are calibrated prior to grouting. As discussed, there can sometimes be a large disagreement
between the grout volume as calculated by multiplying pump strokes and the calibration coefficient
compared to the grout volume as obtained through AME records. The foundation for an accurate
grout pump stroke volume is the pump calibration performed. The current method of pump
calibration involves pumping four strokes into a 50-gallon drum and measuring the displaced grout
volume. However, this method assumes the pump and lines are completely primed during
calibration which may not be correct given the small sample size and the fact that calibration is
performed before steady-state pumping conditions are established. Furthermore, there is no
positive pressure on the end of the grout line during calibration. During pile installation, there is
anywhere from 150 to 300 psi of pressure, which could worsen any back flow conditions or check
valve leaks within the grout pump. The calibration coefficient (cuft./stroke) may not be the same
at 0 psi and 300 psi.
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Throughout the parsing and analysis of pile data, it was noted that grout pumps are poorly
tracked and not regularly calibrated. When the contractor makes note of the grout pump being
used, it is included in the installation log along with the calibration coefficient being used for grout
volume calculations. The pumps are identified by number, however, only a few piles identify
which grout pump is being used. If there was an issue with a grout pump that was discovered later
down the line, it would be difficult to track which piles may have been affected. It is recommended
that every installation log completed accurately account for which grout pump is being used that
day.
The installation logs also denote the calibration coefficient and will rarely state when that
calibration coefficient was determined. This leads to uncertainty surrounding how recently a pump
was calibrated. Over the course of many pile installations, the check valve leaks in a pump could
worsen and when the previous pump calibrations are used, the pump stroke volume accounting
method could over-predict the pile volume. It is therefore recommended that pump calibrations be
performed more regularly and more thoroughly documented. It is also understood that calibrating
the pumps under pressure is not practical. It is feasible that the pump calibration coefficients could
be calibrated by dividing grout volume of the concrete truck by the number of strokes it took to
empty the truck. This would provide a much larger sample size over which to calibrate the pump
and would provide a calibration coefficient that was obtained under grouting conditions where
positive pressure is present.
5.3 Magnetic Flow Meter Data
Based on section 5.2, some might conclude that using pump strokes to measure as-built
pile volume is an outdated and unreliable method given magnetic flow meters are present on site
that can automatically record the in-line grout volume. In fact, Brown et al. (2007) recommends

58

relying on AME grout volume data. However, as was shown in section 3.4, there is often a large
disagreement between the two methods. This disagreement is often larger than the acceptable 3%
variation as defined per FDOT Standard Specifications for Road and Bridge Construction - Section
455-44.2 Grouting:
“If the total grout volume measured with the AME is over 3% greater than the total grout
volume measured with pump stroke counting, use the stroke counting method to determine
whether reinstallation of the pile is required and whether the pile is acceptable. Perform
recalibration of the flowmeter and pump prior to continuing with the next auger cast pile
installation and meet 455-39.4. Replace flowmeter if necessary.”
It would be easy to attribute this fact to the pump strokes counting method as not being dependable.
This conclusion would make sense if pump strokes constantly predicted a larger grout volume than
the flow meter due to back flow and leaky check valve losses. This is not always the case though;
pump strokes were shown in some cases to predict a smaller grout volume than the flow meter.
This implies that the in-line magnetic flow meter may not be accurately monitoring the grout
volume passing through the grout lines.
Even more interestingly, the same pump using the same calibration coefficient has been
shown to both underpredict and overpredict grout volume when compared to the magnetic flow
meter. The reasons for this are not clear but the implications are concerning. It puts into question
both grout volume accounting methods making it difficult to identify the method that is accurately
accounting for grout volume. It is recommended that a more thorough investigation of the
calibration and maintenance practices be conducted on both the grout pumps and the in-line
magnetic flow meters.
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5.4 Accurate Measurement of AFF
The AFF represents the volume of soil cuttings and steel auger at the point of grout return,
or the volume that needs to be added to account for the volume of the soil cuttings and auger that
will ultimately be extracted. If grout is not pumped continuously after the point of grout return,
then there is no way to be certain that this volume was sufficiently replaced by grout. The AFF is
used to calculate the volume 4 which is used to determine overall pile volume. The AFF was backcalculated based on field measurements taken at the cut-off elevation and the corresponding TIP
data.
Given the number of variables that affect the AFF, it is important to specifically record the
AFF on a per pile basis. This is not something that is customary practice during the construction
of ACIP piles. The few images presented in section 3.5 were taken by FDOT inspectors at the
request of researchers. Photo-discrimination methods were then used to estimate the AFF along
five-foot intervals along the length of the auger. While these photo-discrimination methods were
effective, they might not be entirely necessary. As mentioned, it is possible to visually note the
AFF within reason. It is recommended that during the installation of ACIP piles, an estimate of
the AFF is noted on the installation logs for that respective pile or photos are taken of the auger
during auger extraction for later analysis. Regardless of the approach taken, AFF needs to be better
recorded for use in calculating the completed pile volume.
5.5 Recommendations for Future Work
This research was conducted as part of a research study funded by the Florida Department
of Transportation (FDOT). The research presented in this thesis represents the progress made
towards tasks 1 and 3. Task 1 details the collection of data from both the Deep Foundations
Institute (DFI) study conducted in 2016 and from the I-395/SR 836/I-95 design-build project that
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is ongoing in Miami, Florida. All of the available data from the pile contractor has been sorted and
the analysis conducted on the data from these piles has been presented here, representing task 3 of
the project. This research is ongoing and will focus on the analysis of new piles as the data becomes
available after installation. Additional analysis will also be performed on previous piles as
appropriate.
Future work will include developing a better understanding of the interactions between
construction techniques and resulting pile integrity. Recommendations will be made to the FDOT
on improved construction practices that will result in a more complete view of the factors that
contribute to the integrity of ACIP piles. ACIP piles are being used more frequently in the state of
Florida as foundation elements to support large publicly funded structures such as bridges. It is
therefore essential to produce high quality piles that are capable of meeting design specifications.
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Appendix A: Copyright Permissions
The permission for use of Figures 2.1 and 2.2 is below.
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The permission for use of Figures 2.4 and 2.5 is below.
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The permission for use of Figure 2.10 is below.
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The permission for use of Figure 2.12 is below.
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The permission for use of Figure 3.4 is below.
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Appendix B: Predicted vs. Measured Diameter of Individual Piers

Figure B.1 Bridge 4 – pier 4L predicted vs. measured pile diameter

Figure B.2 Bridge 4 – pier 4R predicted vs. measured pile diameter
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Figure B.3 Bridge 4 – pier 15 predicted vs. measured pile diameter

Figure B.4 Bridge 4 – pier 16 predicted vs. measured pile diameter
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Figure B.5 Bridge 5 – pier 15L predicted vs. measured pile diameter

Figure B.6 Bridge 5 – pier 15R predicted vs. measured pile diameter
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Figure B.7 Bridge 5 – pier 16L predicted vs. measured pile diameter

Figure B.8 Bridge 5 – pier 16R predicted vs. measured pile diameter
73

Figure B.9 Bridge 7 – pier 9L predicted vs. measured pile diameter

Figure B.10 Bridge 7 – pier 11R predicted vs. measured pile diameter
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Figure B.11 Bridge 101 – pier 3 predicted vs. measured pile diameter

Figure B.12 Bridge 101 – pier 6 predicted vs. measured pile diameter
75

Figure B.13 Bridge 101 – pier 9 predicted vs. measured pile diameter

Figure B.14 Bridge 101 – pier 17 predicted vs. measured pile diameter
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Figure B.15 Bridge 101 – pier 19 predicted vs. measured pile diameter

77

